Wickless gravity loop thermosiphons (LTs) have been widely used in heat collection for distances up to several meters. This twophase closed device, which is operating under reduced pressure, is useful in solar water heating (SWH) systems because it could address the freezing problem during winter. Compared to the normal type, forced-circulation wickless LTs have significant advantages in the long-distance heat transfer and installation freedom of condensation section. In this study, a pump-forced wickless LT-SWH system with a remolded flat-plate solar collector was put forward. Solar collector acted as the evaporation section of the wickless LT, while the spiral heat exchanger in the water tank acted as the condensation section. R600a was employed as the working fluid, and long-term outdoor experiments were carried out. Results show that the instantaneous and daily average photothermal efficiency of the proposed system can reach 69.54% and 58.22%, respectively. Temperature differences between the top and bottom and the middle and bottom of the evaporation section of the wickless LT were small, and it usually ranged between 1.1 and 3.9°C. Linear fittings of the collector and system overall performance of the pump-forced wickless LT-SWH system demonstrate the promising potential application of the system.
Introduction
Solar water heating (SWH) systems have been widely applied in both domestic and industrial levels, and SWHs have been proven to be readily available technologies that can directly substitute renewable energy for conventional water heating. Based on the type of involved circulation, the SWHs can be categorized into two groups: natural circulation and forced circulation. Different circulation types of the SWH systems are expected to be available and suitable for different applications [1, 2] . Forced-circulation SWHs are usually used in commercial and industrial heat processing [3] . The solar collector is of great importance and works as the heart of the SWH system. The most diffused solar technologies are evacuated tube collectors in China and are flat-plate solar collectors in the rest of world [4] . However, for a conventional flat-plate solar collector, there are freezing problems when the ambient temperature is lower than zero, as well as corrosion problems when the water temperature is high and the pH departs from the neutral level [5] .
Loop thermosiphons (LTs) [6] , vapordynamic thermosiphons (VDTs) [7, 8] , and pulsating heat pipes (PHPs) [9] are alternative solutions to the aforementioned problems. Among these heat transfer devices, LTs are most appreciated when integrating with solar collector for the simple manufacturing process. LT is a two-phase closed device that provides an alternative solution to the aforementioned problems. The evaporation and condensation sections of a LT are separated; thus, it can realize effective and remote heat transfer with the assistance of capillary pumping or gravity [10, 11] . It has excellent heat transfer characteristic due to the vacuum seal and phase-change heat transfer. It also has excellent isothermal characteristics on the basis of inner two-phase heat transfer. The LT-SWHs have been intensively investigated in recent decades. Soin et al.'s [12, 13] experiments examined the photothermal performance of a LT solar evaporator charged with acetone and petroleum ether. The photothermal efficiency of the two-phase solar collector was only approximately 6%-11%, which was lower than that of a water-based SWH system. M. Esen and H. Esen [14] investigated the thermal performance of a LT solar collector by using different working fluids. Results showed that all of them had a similar maximum collection efficiency of around 50%. Chien et al. [15] developed a theoretical model validated with experimental data; the result indicated that the best instantaneous thermal efficiency was 82%, which was higher than that of conventional SWH systems. Joudi and Al-tabbakh [16] also revealed that the photothermal efficiency of a LT-SWH system was approximately 20% higher than that of a water-based collector. Arab et al. [17] employed pulsating heat pipes (PHPs) in a SWH system. An extra-long PHP was designed, and the results showed that the configuration achieves satisfactory performance. Mathioulakis and Belessiotis [18] theoretically and experimentally presented their investigations on the energy behavior of a new type of solar collector that uses a wickless LT filled with ethanol. An instantaneous efficiency of up to 60% was observed. Hussein [19, 20] presented a theoretical and experimental analysis of a LT flat-plate solar water heater. Different meteorological conditions, initial water tank temperatures, hot water withdrawal load patterns, ratios of the storage tank volume to the collector area, storage tank dimension ratios, and height of the heater storage tank and collector were examined. Ordaz-Flores et al. [21] presented the indirect performance of a LT-SWH system using acetone and methanol as the working fluids. The results showed that the average experimental photothermal efficiencies during the test day were 48% and 50%, respectively. Zhang et al. [22] used supercritical CO 2 as the working fluid; an average collecting efficiency of 58% during whole-year tests was presented. Pei et al. [23] compared a LT-PV/T collector and a normal PV/T collector by using R600a as the working fluid. The results showed that the LT-PV/T collector had higher photovoltaic conversion efficiency but lower photothermal efficiency and a smaller temperature difference among the cells of the collector than the normal PV/T collector. However, both systems showed almost the same energy efficiency. Albanese et al. [24] presented a heat pipe-assisted solar wall, and experimental and computer models were developed to evaluate the performance of the system. Some studies using LT on the BIPV/T system are also presented. Zhao et al. [25] theoretically investigated the performance of an LT-SWH for a typical apartment building in Beijing.
The relationship between the efficiency of the system and the operating parameters was established, analyzed, and discussed in detail. Wang et al. [26] examined a novel facadebased solar LT water heating system by using both theoretical and experimental methods. Various operational parameters and two types of glass cover were discussed. The experimental and simulated results were in good agreement.
The two-phase circulation flow in the LTs is driven by the temperature difference with the assistance of gravity or the capillary force. The wick situated in the evaporator is normally made by the porous structure, which needs a complex and expensive manufacturing process. It produces the capillary force to drive the liquid back to the evaporator and ensures that the working liquid is evenly distributed over the heat transfer surface in the evaporator. However, it is costly to set up wicks in the copper tubes behind a flat-plate solar collector.
Considering that the solar collectors are usually inclined and installed, a wickless gravity-assisted LT is more preferred due to its low cost and simple structure. Nevertheless, the wickless LT-SWH system cannot be used when the water tank is lower than the solar collector, which means it is hard to integrate with buildings and is not suitable for household using. Learning from the active-cycle water-based SWHs, a refrigerant pump can be introduced to a wickless LT-SWH system. Although the system requires additional power consumption, the water tank has no position limitation, the pipes have no length limitation, and the system can be easily integrated into the buildings. However, few experiments or tests about the forced-circulation wickless LT-SWH system have been conducted. The forced-circulation wickless LT-SWH is new and the system behavior has yet to be reported. Therefore, in this study, a prototype of the novel forced-circulation wickless LT-SWH system is initially proposed. It consists of a refrigerant pump, an evaporation solar collector, a condensation water tank, an evaporation liquid storage tank, and a condensation liquid storage tank. A long-term outdoor test was performed; system performance was studied.
System Design and Experiment Setup
The schematic of the proposed system is shown in Figure 1 . It comprises a solar collector acting as the evaporation section Table 1 . R600a was employed as the working fluid. Refrigerant pump supplies fluid from the condensation liquid storage tank to the evaporation liquid storage tank. The condensation liquid storage tank collects and separates the condensed fluid and vapor to avoid idling of the pump. The pressure balance pipe has two functions. When the pump is working, extra pressure is exerted to the refrigerant, it disturbs the intrinsic evaporation process occurring in the solar collector, and exacerbates the oscillatory heat transfer of the loop thermosiphon. The pressure balance pipe can mitigate the fluctuation caused by the pump. Besides, pressure difference comes up between the top and the bottom of the solar evaporator; the pressure balance pipe can promote the refrigerant flow with the aid of it. When the pump is not working, the refrigerant evaporates when there are solar irradiation incidents upon the solar collector, which will raise the inner pressure of the evaporator. The refrigerant in the evaporation liquid storage tank cannot flow down when the pressure is big enough. The pressure balance pipe can avoid this and ensures the R600a liquid continuously flows down by gravity. The evaporated R600a vapor will be condensed by the water and collected in the condensation liquid storage tank.
By using the pump, the water tank can be flexibly installed, which means the system can be easily integrated with the building. The check valve prevents the reverse flow of the fluid when the pump stops. Cycle process of the system is as follows: firstly, incident solar irradiation is absorbed by the absorber plate; soon afterwards, the heat energy of the absorber plate is absorbed by the R600a fluid, which vaporizes the fluid; then, R600a vapor flows along the vapor pipe to the spiral coil in the water tank, wherein it is to be condensed into liquid and finally flows to the condensation liquid storage tank. The evaporation liquid storage tank acts as the liquid supplement of the solar collector, whereas the pump acts as the supplement for the evaporation liquid storage tank.
The experiments were all outdoor tested in Hefei City (31.52 o N, 117.17°E). The height of the water tank, condensation fluid storage tank, and evaporation storage tank were 150 mm, 500 mm, and 1050 mm above the ground, respectively. The solar collector, with an inclination of 40°, was installed facing south. With the consideration of working tilt angle of the wickless LT evaporation section, the collector inclination was a little bigger than the city latitude. Pressures of solar collector liquid inlet and vapor outlet were measured. The straight-line distances between the sight glasses' location and the bottom edge of the collector were 350 mm, 750 mm, 1150 mm, and 1550 mm. The sight glasses, as well as the pyranometer, were parallelly installed to the collector. Seven T-type thermocouples were arranged to measure the water temperature variation. A frequency modulator was employed to adjust the flow rate, and a power sensor was used to measure the pump and modulate the power consumption. The thermocouples were set at the back of the copper pipes, surface and back of the absorber plate, and surface of the glass cover. Figure 2 presents the system physical setup and thermocouple setup on the copper pipes. Ambient temperature, as well as solar irradiation, was also recorded. All the measured data were recorded through Agilent 34970A. Precisions of the devices are listed in Table 2 . The R600a mass charge of the system was 4.05 kg, which means the R600a volume filling ratio of the whole volume was 50%. The experiments were carried out from 8:00 to 16:00. The flow of the pump was set at 571.2 mL/min (theoretical, the same followed) from 8:00 to 9:00, 761.6 mL/min from 9:00 to 10:00, 952 mL/min from 10:00 to 14:00, 571.2 mL/min from 14:00 to 15:00, and 380.8 mL/min from 15:00 to 16:00.
The maximum volume flow rate of the refrigerant is estimated based on the following assumptions:
(1) The maximum solar irradiation at noon is 1000 W/m 2 .
(2) The collector efficiency is 75%, the same as the efficiency provided by the manufacturer. 
System Evaluations and Error Analysis
The daily performance of the water-based SWH system is evaluated with the daily average efficiency, which is expressed as
where C is the water specific heat, J/(kg·K); M is the water mass in the water tank, kg; T f and T i are the final and initial water temperature in the water tank, respectively,°C; W p is the power of the pump, W; t is the working time, s; H is the total or average incident solar irradiation on the surface of glass cover during the experiment, J/m 2 ; and A is the aperture area of the collector, m 2 . T i and T f in this study are the average values of the thermocouples in the water tank. System daily average photothermal efficiency can also be calculated according to (1) , where H is the accumulation of solar irradiation of the whole day.
Photothermal performances of water-based SWH systems are affected by many factors, including solar irradiation, system design, environment temperature, collector inclination, wind speed, and initial water temperature. A method to evaluate the natural convection performance for a waterbased SWH system is suggested by Huang and Du [27] . It is expressed as
where η * is the estimated system photothermal efficiency; T a is the average ambient temperature,°C; α is the typical photothermal efficiency when T i equals T a ; U is the system heat loss coefficient; and H * is the daily total solar irradiation per area, MJ/(m 2 ·day). Equation (2) is also used to estimate the proposed system performance in this study.
The same method as that used in (2) is applied to evaluate the collector performance η * col , where T i is the initial R600a fluid temperature that returns to the collector,°C
, and H * is the average solar irradiation during different time periods, W/m 2 . Inaccuracies in the test devices will cause some errors in the test data. The test error of the independent variables, such as the solar radiation intensity, water mass, and temperature, is determined based on the accuracy of the corresponding test devices in this study. For the dependent variables, such as the collector and system photothermal efficiencies, their test errors can be confirmed based on the test error of the independent variables. Given a dependent variable y, its function can be expressed as follows:
where xi i = 1, … , n is the variable of the function. Then, the relative error (RE) of the dependent variable can be confirmed as follows [28] :
where ∂f /∂x 1 i is the error transferring coefficient of the variables. Therefore, the experimental relative mean error (RME) during the test period can be calculated as
Based on (4) and (5), the RMEs of the independent and dependent variables are calculated, and the details are presented in Table 3 .
Experimental Results and Discussions
4.1. Details of Daily Performance of the System. To present the details of the daily performance of the system, a typical day is selected. The ambient environment, including the ambient temperature and solar irradiation fluctuation on that day, is illustrated in Figure 3 . Total solar irradiance was 22.7 MJ/m 2 on that day, and the average ambient temperature was 20.5°C.
Instantaneous Photothermal Performance.
Variations of the instantaneous photothermal efficiency (calculated based on (1) every 30 min) and average water temperature are shown in Figure 4 . Photothermal efficiency firstly increases and then decreases. The highest instantaneous photothermal efficiency was registered at 10:15, with a value of 69.54 ± 11.10%, which was better than the work of M. Esen and H. Esen [14] and Mathioulakis and Belessiotis [18] , whereas the lowest photothermal efficiency was recorded at the end of the test, with a value of 28.77 ± 15.77%.
System photothermal performance is determined by the heat energy absorbed by the solar collector. The combined action of absorptivity and heat loss of the absorber plate determines the effective heat gain. The absorptivity of the absorber plate is mainly determined by the transmittance of glass when the coating is fixed. The heat loss is mainly determined by the temperature difference between the absorber plate and ambient. Before 10:30, the temperature difference between the water and environment, positive or negative, was small. The transmittance of the glass increased with the incident angle decreased and thereby increased photothermal efficiency. Between 10:30 and 14:15, although the temperature difference was relatively large and resulted in substantial heat loss, the efficiency slowly decreased with the help of a larger irradiation density and a smaller solar incident angle. After 14:15, the efficiency was sharply decreased because the temperature difference as well as the incident angle was absolutely large. An average efficiency of 58.22 ± 12.81% was obtained on this day, which was higher than the value obtained in the works of Arab et al. [17] and Ordaz-Flores et al. [21] and was similar to that of Zhang et al. [22] .
The water temperature gradually increased from 11.5°C to 49.7°C during the test, but it presented a different growth gradient in different times. One can see from Figure 4 that the growth gradient was gradually increased during the first two hours, then stable and sustained in the following four hours, and gradually decreased in the last two hours. The fluctuation trend can be explained similar to that of the instantaneous photothermal efficiency. During the first two hours of the test, the solar irradiation was weak and the temperature difference between the absorber plate and the surrounding was small; the growth gradient increased with the transmittance of the glass increased;. During the middle time of the test, the stronger solar irradiation and bigger glass transmittance caused the quick rising of temperature. During the last two hours, the growth gradient decreased with the photothermal efficiency decreased. Figure 5 qualitatively describes the liquid level of the solar evaporator. Note that it only presents the relative location of the liquid level, not the concrete values. As shown in Figure 5 , the liquid level was usually low in the beginning of the test; the reason was that when the pump stopped working in the end of the last test, no fluid entered into the solar evaporator after that; however, the R600a liquid will be slowly evaporated after the last test and before this test, although the solar irradiation at these times was weak. The liquid level gradually raised when the pump began to work and then stayed nearby the second sight glass for about 3 hours; after that, the liquid level began to raise and continued to raise until the end of test, although the pump had turned down two times; the liquid level finally reached to a height higher than the fourth sight glass, that is, the evaporation liquid storage tank was full of R600a liquid at the end of the test.
As shown in Figure 5 , one can also observe that the variation of the pump power was segmented by the set of flow rate. The pump flow rate was adjusted five times during the test; the pump power was presented five changes also, and it can be easily observed that the pump power was relatively stable under the same flow rate. Based on the test data, an average power of 29.64 W was obtained on that day.
According to Zhao et al. [25] , the loop thermosiphon has the best filling ratio that lies between 30%~50% of the whole volume and has a negative performance when overcharged. 
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The higher the filling ratio, the smaller the photothermal efficiency achieved and the lower the efficiency fluctuation presented. Although the volume filling ratio in this study used the previous optimal result, the existence of the pump, condensation liquid storage tank, and evaporation liquid storage tank made the actual evaporation liquid level higher than Zhao et al. [25] under the same filling ratio; since the condensation liquid storage tank and evaporation liquid storage tank contribute a big amount of volume; however, those parts had limited contributions on the overall heat transfer.
At the same time, as shown in Figure 1 , according to Aung and Li [30] , the driving force for the circulation of working fluid in a loop thermosiphon system is mainly related to hydraulic head between the highest liquid level in the liquid return pipe and evaporation liquid level in the solar collector. From Figure 5 and the location of the evaporation liquid storage tank, one can conclude that a high liquid level also means a small hydraulic head. Therefore, the high position of the evaporation liquid storage tank will be beneficial or it can change to a slender one. Since a certain amount of volume should be provided to avoid solar collector drying out at the end of the test or at the beginning of the next test, depth-width ratio of the evaporation liquid storage tank and pump flow rate control should be further optimized. Besides, the location of the evaporation liquid storage tank and its influences on the system photothermal performance, system integrability, and convenience of installation should also be considered. To sum up, the instantaneous photothermal efficiency no less than the previous passive LT-SWH system was achieved. Although there was additional power consumption, the water tank has no location limited, which made the forced wickless LT-SWH easier integrated with buildings. However, system design, including the pump flow rate and evaporation liquid storage tank location, still has to be further optimized.
Temperature Performance of the Solar Collector.
Isothermality of the evaporation section is one of the most significant characteristics of the loop thermosiphon. Thermocouples were placed to monitor it and to investigate the influence of the existence of the pump. The temperatures of the points, displayed on the right side of Figure 2 , at bottom, middle, and top of the solar evaporation section (i.e., solar collector) were recorded. Average temperatures of the points at the same height are presented in Figure 6 . Temperature differences between the top and bottom and middle and bottom are also plotted in Figure 6 to show the isothermality of the LT evaporation section.
From Figure 6 , one can see that the collected temperatures at the bottom, middle, and top of the solar evaporator were all gradually increased with time; it was because the condensing temperature was gradually increased with time; 7 International Journal of Photoenergy the temperature differences between the top and bottom and middle and bottom both firstly increased and then decreased. The absorbed solar energy before the test began was responsible for the big temperature difference between the top and bottom at the beginning of the test; the solar collector that was immersed in the two-phase region was responsible for the small temperature difference between the middle and bottom. The temperature difference between the top and bottom with the maximum and minimum values was 3.9°C ± 0.4°C and 1.1°C ± 0.4°C, respectively, while the values were 1.4°C ± 0.4°C and 0.5°C ± 0.4°C between the middle and bottom.
In Figure 6 , it can be observed that the temperature difference between the top and the bottom of the collector presented a similar trend compared to the instantaneous photothermal efficiency, both had a trend of increased firstly and then decreased, and both deserved a maximum value around 10:30. At the beginning of the test, the low liquid level caused a high degree of superheat between the top and the bottom of the collector, and the value increased with the solar irradiation increased. At the end of the test, the value of superheat degree decreased with the solar irradiation decreased and liquid level increased.
However, the temperature difference between the middle and the bottom of the collector was always small, because the liquid level of R600a was around the middle or top position of the collector most of the time.
The daily average temperature differences between the top and bottom and middle and bottom were 2.8 ± 0.4°C and 1.1 ± 0.4°C, respectively. Note that the R600a vapor at the middle and top was under different dryness; heat resistance between the copper pipe and the R600a vapor at the top was higher than that of the middle. Therefore, it can be found that the collector temperature was almost evenly distributed.
Heat Transfer Coefficient of Pump-Forced Wickless LT.
The performance of the forced wickless LT will directly influence the system performance; therefore, the heat transfer coefficient of the forced wickless LT is calculated and plotted in Figure 7 . The ΔT is assumed as the temperature difference between the copper pipe and the water here; the copper pipe temperature is assumed as the average value of all the thermocouples pasted on the pipes (see Figure 2) , and the water temperature is assumed as the average value of the thermocouples in the water tank.
As shown in Figure 7 , the heat transfer temperature difference firstly increased and then decreased; the curve was smooth. The maximum and minimum value was 9.9 ± 0.4°C and 3.6 ± 0.4°C, respectively, and the average value was 8.0 ± 0.4°C. However, the heat transfer coefficient fluctuated obviously and had a foreseeable trend of first increased and then decreased based on the polynomial fitting.
Both the fluctuations of the heat transfer coefficient and the temperature difference between the top and the bottom Figure 6 ) are due to the oscillatory heat transfer characteristic of the LT [31] . When there is a high degree of superheat between the R600a liquid and the copper pipes, it caused intense nucleate boiling in the evaporation section/solar collector of the LT. The bubbles will grow bigger when they flow up along the copper pipe, which changed the quantity of R600a steam and then caused the oscillatory heat transfer. The oscillatory heat transfer makes the temperature fluctuate slightly, as well as the heat transfer coefficient.
Photothermal Performance of the Solar Collector.
On the basis of GB/T 4271-2007 [32] , test data obtained only when solar irradiation was larger than 700 W/m 2 were selected for analysis. The inlet temperature (T i ), commonly used in curves for water-cooled units, was replaced by the inlet R600a temperature (T ic ). The other parameters are given in Table 4 . The linear fitting, which is calculated based on (2), is plotted in Figure 8 . A curve of the collector that uses water as the working fluid is also provided for comparison.
The curve shows that the solar evaporator can provide a satisfactory photothermal performance, slightly lower than that of the water based, with absorption of 0.729. The heat loss coefficient was 6.320, which was higher than that of the normal solar collector, because there was extra heat loss caused by the long connection pipes and devices. Although the modified wickless LT solar collector had a large heat loss coefficient in this study, it can work without any freezing problem and corrosion, and most importantly, it can be easily remolded. Therefore, the improvement shows great potential for solar application and can serve as a good substitute for the normal solar collector when it is used in an area with high latitude. Table 5 presents the comparison of collector performance between the current study and previous works with natural-convection recirculation. The results show that the collector performance of the present study was very close to that found in the study of Hussein et al. [33] , with a flow rate of 0.02 A, and was better than that in the work of Nada et al. [34] , under different flow rates. However, the heat loss ratio in the present study was bigger. Besides, the linear fitting results indicated that a reasonable similarity was obtained between the presented experimental results and those of [14] , and Rittidech and Wannapakne [36] . In summary, the forced wickless LT collector of the present work had a similar thermal performance compared to that of the other two-phase experiment assemblies, but its water tank had no position limitation. This feature indicates the promising prospect for solar application.
4.3. Thermal Performance of the System. To examine the overall performance and evaluate the daily performance of the system under different weather conditions, several tests were performed during winter and early spring in Hefei, China. Linear fitting based on (2) is conducted. Daily effective experimental results of the forced wickless LT-SWH system are listed in Table 6 .
A wealth of information can be found in the experimental results detailed in Table 6 . The system can supply water with a temperature of almost 50°C during early spring in Hefei, and it was sufficient for domestic use. An efficiency of approximately 55%, which is not less than that of a watercooled water heating system, was obtained. An efficiency of approximately 50% was achieved even during winter. Besides, as mentioned before, no freezing problems occurred during the tests.
The plot of η * against T i − T a /H * of the system, as well as the curve obtained under standard conditions with the use of water, is shown in Figure 9 . Based on these data, the linear regression line is expressed as
where 0.514 was the daily average thermal efficiency when the initial water temperature equals the daily average ambient temperature. Normally, the initial water temperature is larger than the daily average ambient temperature in winter, and this condition results in a low thermal efficiency. The overall heat loss coefficient of the system was 0.138. Based on (2), the performance of the forced wickless LT-SWH under different solar irradiations, ambient temperatures, wind conditions, initial temperatures, and so on can be evaluated. To the best of our knowledge, studies that examine the linear fitting of the system thermal performance of a twophase SWH system are scarce. A comparison of earlier works [33] with water as the working fluid and the present study is given in Table 7 . The results show that the forced wickless LT-SWH system had a similar thermal performance as the traditional SWH system. However, the proposed LT-SWH system has no corrosion and freezing problems during winter, and it has low heat loss at night due to the peculiarity of thermionic diode of LT. Above all, the proposed system demonstrates many advantages despite its low thermal efficiency and high heat loss efficiency. The system is therefore a good substitute for the normal water-based SWHs when it is used in a high-latitude area.
Conclusion
Compared to normal gravity LT-SWH, although there is additional power consumption, the location of the water tank of the forced-circulation wickless LT-SWH system becomes more freely. Long-term outdoor tests were conducted, and useful data were achieved in this study. The performance of 10 International Journal of Photoenergy the proposed wickless LT-SWH system and collector was presented. The conclusion can be drawn as the following:
(1) Based on the long-term field test data, the experimental fitting equations of the evaporation collector and the proposed system were presented. The proposed system and the solar evaporator achieved a satisfactory overall thermal performance. With the equation, the performance of the forced wickless LT-SWH system and the evaporation collector can be evaluated under different climatic conditions.
(2) The solar collector had an even temperature distribution as phase change occurred in the evaporation section of the wickless LT; the average temperature difference between the top and bottom and middle and bottom was 2.8 ± 0.4°C and 1.1 ± 0.4°C, respectively.
Nomenclature

A:
The aperture area of the collector C:
Water specific heat, J/(kg·K) G:
Instantaneous solar irradiation (W/m Water mass (kg) M:
Mass flow rate (kg/s) N:
Number of independent variables RE: Relative error RME: Relative mean error T:
Temperature (°C) t:
Working time (s) T a :
Average ambient temperature (°C) Wp: Pump power (W) U:
Heat loss coefficient.
Greek Symbols
η: Efficiency η * : System photothermal efficiency α:
Typical photothermal efficiency △T: Temperature difference (°C). 
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